Due to its importance as a limiting nutrient for phytoplankton growth in large regions of the w orld's oceans, ocean water column observations of concentration of the trace-metal iron (Fe) have increased markedly over recent decades. Here we compile >13 000 global measurements of dissolved Fe (dFe) and make this available to the com munity. We then conduct a synthesis study focussed on the Southern Ocean, where dFe plays a fundamental role in gov erning the carbon cycle, using four regions, six basins and five depth intervals as a framework. Our analysis highlights depth-dependent trends in the properties of dFe between dif ferent regions and basins. In general, surface dFe is highest in the Atlantic basin and the Antarctic region. W hile attribut ing drivers to these patterns is uncertain, inter-basin patterns in surface dFe might be linked to differing degrees of dFe inputs, while variability in biological consumption between regions covaries with the associated surface dFe differences. Opposite to the surface, dFe concentrations at depth are typ ically higher in the Indian basin and the Subantarctic re gion. The inter-region trends can be reconciled with similar ligand variability (although only from one cruise), and the inter-basin difference might be explained by differences in hydrothermal inputs suggested by modelling studies (Tagli abue et al., 2010) that await observational confirmation. We find that even in regions where many dFe measurements ex ist, the processes governing the seasonal evolution of dFe re main enigmatic, suggesting that, aside from broad Subantarc tic -Antarctic trends, biological consumption might not be the major driver of dFe variability. This highlights the appar ent importance of other processes such as exogenous inputs, physical transport/mixing or dFe recycling processes. Nev ertheless, missing measurements during key seasonal transi tions make it difficult to better quantify and understand sur face water replenishment processes and the seasonal Fe cy cle. Finally, we detail the degree of seasonal coverage by re gion, basin and depth. By synthesising prior measurements, we suggest a role for different processes and highlight key gaps in understanding, which we hope can help structure fu ture research efforts in the Southern Ocean.
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Introduction
Since the advent of trace metal clean techniques in the late 1970s/early 1980s (e.g., Bruland et al., 1979) , the role of iron (Fe) as a key micronutrient that regulates phytoplank ton growth rates, primary production and the biological car bon pump in the so-called "High Nutrient Low Chlorophyll'' regions of the w orld's oceans is well established (e.g., De Baar et al., 2005 : Boyd et al., 2007 . Of these regions, most attention has focussed on the Southern Ocean since it is typ ified by the largest residual stocks of unused macronutrients and plays an important role in governing the global air-sea CO2 balance due to the extensive production of dense deep waters (Caldeira and Duffy, 2000) . Indeed, the "Iron Hypoth esis" of John M artin (Martin, 1990 ) posits that the glacial in terglacial cycles of atmospheric CO2 recorded in ice cores could have been controlled by changes in the supply of Fe to the Southern Ocean from aeolian deposition. Phytoplank ton production in the modern Southern Ocean is clearly con trolled to some degree by Fe, with the highest rates of pro ductivity found alongside known Fe sources such as islands, the Antarctic continental shelf and frontal regions (e.g., Arrigo et al., 2008) .
The cycling of Fe in seawater is complicated, as compared to other macronutrients, and its distribution is controlled by a variety of chemical, physical and biological processes. At the surface, Fe levels are modified due to biological up take, herbivory and recycling (both biotically and abioticallymediated), but also precipitation and scavenging by particles. Processes such as photochemistry, redox chemistry and dis solution are important drivers of its chemical spéciation be tween soluble (usually < 0 .0 2 pm), colloidal (0.02-0.2pm) and particle (>0.2 pm) fractions (e.g., Bowie and Lohan, 2009) . A key component governing the cycling and distri butions of dissolved Fe (dFe, <0.2 pm) in the ocean is the role of Fe-binding organic ligands. Such ligands complex Fe in the soluble and colloidal fractions (e.g., Wu et al., 2001; Boye et al., 2010) and reduce losses due to precipi tation/scavenging, thereby increasing the residence time of dFe in the ocean. These processes result in dFe having a ver tical profile that is typical of both a nutrient and a scavenged element (Boyd and Ellwood, 2010) . Predominant Fe sources to the Southern Ocean are associated with dust deposition close to continents (e.g., Gaiero et al., 2003; Tagliabue et al., 2009) , shallow continental margins (e.g., Blain et al., 2007; Pollard et al., 2009; Tagliabue et al., 2009) , sea ice melting (e.g., Lannuzel et al., 2008; Van der Merwe et al., 2011) , although this acts like a "capacitor" and only transports "new" iron supplied by other sources, and in the deep ocean, hydrothermal vent systems (e.g., Tagliabue et al" 2010) .
Due to its acknowledged importance as a limiting nutrient, measurements of dFe in the ocean, and in the Southern Ocean in particular, have increased markedly over recent years. Ad vancements in measurement techniques and inter-laboratory comparisons and evaluation projects (e.g., Bowie et al., 2004 Bowie et al., , 2006 Johnson et al., 2007) have been of major importance. The first compilation of dFe data (354 observations at 30 sta tions) was performed by Johnson et al. (1997) and then ex panded by Parekh et al. (2005) , which aided in understanding the importance of scavenging of dFe in ocean models. More recently, Moore and Braucher (2008) published an expanded database of 6540 observations to aid in the evaluation of their global ocean model. They highlighted novel features in sur face dFe concentrations and the importance of the removal of dFe at low concentrations in subsurface waters as well as the importance of non-aeolian Fe sources (Moore and Braucher, 2008) . In recent years, the number of dFe observations has increased still further, though international programs such as GEOTRACES (www.geotraces.org), especially in regions where sampling was difficult such as the Southern Ocean and the deep ocean. These newer observations in the deep South ern Ocean were recently used to demonstrate the importance of hydrothermal Fe sources in governing the ocean's deep water dFe inventory . Thus, accessible databases of dFe data compilations are useful for evaluating ocean models, examining the importance of different Fe cy cle processes and demonstrating the importance of different Fe sources to the ocean.
In this paper, we present a new compilation of >13 000 measurements of dFe in the global ocean for use by the community. We focus on a synthesis and statistical summary of the >3000 measurements now available for the Southern Ocean by examining the regional distribution of observations at different depths in this important ocean region. In doing so, we can examine where observations are distributed, what we can learn from them and where future observational ef forts are needed. Moreover, we use our database to examine the role of different processes in governing the variability in dFe between different ocean basins and regions, at different ocean depths, as well as investigating seasonal trends in well sampled locations.
M ethodology
Building on the dFe dataset collected by Moore and Braucher (2008) , which contained 6540 individual obser vations, we compiled an additional 6585 dFe observations (mostly from recent campaigns) to arrive at a total of 13 125 global observations with collection dates that span 30 yr from 1978 to 2008. The observations used filter pore sizes rang ing from 0.2-0.45pm as an operational cut-off for dFe and are often means from duplicate and triplicate samples. Ob viously, a wide range of sampling, processing and analytical techniques have been employed over this 30-yr period (see review of Achterberg et al., 2001) . The data were mostly col lected by literature review and manual notation of data and submission of data from investigators.
Our focus here is to synthesise the measurements taken in the Southern Ocean in greater depth, since dFe plays a crit ical role in governing the ocean carbon cycle in this region. To this end, we applied a latitudinal cut off at 40° S, which approximately corresponds to the Subtropical Front (STF, al though we note that this position does vary with longitude), which results in 3332 "Southern Ocean" observations. To further régionalisé this variable ocean, we subdivided these 3332 observations using a variety of different criteria. We firstly separated the "shelf" region, since this is often typified Fig. 1 . Distribution o f the data and the regional breakdown into different ocean regions and basins.
by high rates of dFe input (bottom depth < 2000 m) from the "off-shelf" region. The "off-shelf" waters were further sub divided into "Antarctic" and Subantarctic' using the northern branch of the polar front (nPF) as a meridional cut-off. The nPF has a highly variable position as a function of longi tude, so we derived the nPF using maps of absolute dynamic topography, which is the sum of satellite altimetry anomaly data and a mean dynamic topography (Rio and Fiernandez, 2004) . The nPF is defined using a constant isoline of sea surface height, using a technique first described by Sokolov and Rintoul (2007) (for more details see Swart and Speich, 2010) . By analysing the time series of nPF positions between 1998-2008, we determined that the temporal variability in the nPF at each point in longitude, relative to the mean posi tion used here, to be only 0.72° ± 0.35. The longitude and lat itude of each dFe observation in "off-shelf" waters was there fore examined as to whether it was north (defined as "Sub antarctic") or south (defined as "Antarctic") of the nPF at that particular longitude. Unfortunately, as temperature and salinity changes across the STF can almost compensate for each other at a number of circumpolar regions, the STF often has limited signature in altimetiy (e.g., Sokolov and Rintoul, 2007) . Therefore, we could not dynamically define the north ern limit of the Southern Ocean in a circumpolar fashion in a similar way to the use of the nPF to divide its Subantarctic and Antarctic regions.
The major ocean basins were defined as the Atlantic (ATT, 65° W to 20° E), the Indian (IND, 20° E to 180°) and the Pa cific (PAC, 180°to 65°W) all within the "Offshore" region.
In total we used 4 regions ("shelf", "off-shelf", "Antarc tic" and "Subantarctic") and 6 basins (ATL-Antarctic, ATL-Subantarctic, IND-Antarctic, IND-Subantarctic, PAC-Antarctic, PAC-Subantarctic). Within each of these regions and basins, we further subdivided the data into 5 depth ranges (0-1 0 0 m, 100-500m, 500-1000m, 1000-2000 m and 2000-6000 m). Our rationale for the depth divisions was based on capturing surface to intermediate to deep water tran sitions with the goal of arriving at a representative depth pro file, as well as retaining a reasonable data density in each depth bin. The distribution of the data as well as the regional break down is shown in Fig. 1 . In our analysis, we were in terested in examining the variability in dFe (mean, standard deviation etc.), the number of observations and for which months of the year observations are available.
Results

dFe distributions between regions and basins
Mean dFe concentrations versus depth (the midpoint of the particular depth range) for both ocean regions and geo graphic ocean basins are compiled to examine the variabil ity in dFe profiles within regions and basins ( Fig. 2a and b) . Throughout, the distribution of mean dFe concentration gen erally behaves like other nutrients/scavenged elements, with low surface water concentrations (0.1-0.5 nM, aside from the shelf region), due to biological uptake that persists below the mixed layer due to scavenging, and increased concentrations at depth (>0.4 nM) due to remineralisation ( Fig. 2a and b , Tables 1 and 2) . Nevertheless, there is a great deal of vari ability between our 4 regions and 6 basins. Turning first to the different ocean regions ( Fig. 2a ), the shelf region has a high mean dFe concentration through out the water column, with surface water enrichment of 0.61 +1.14 nM (« = 382), an intermediate water mini mum of 0.60 +0.35 nM (« = 31) and deep water values of 0.53 + 0 .1 7 nM (« = 20). Note that data points below 2 km were removed by our shelf adjustment/definition. At the other extreme, the off-shelf data show a much clearer nu trient/scavenged element profile, with a surface water min imum of 0.31 ±0.45 (« = 999) that increases with depth to 0.54 ±0.26 nM (« = 301), which is less than the reported concentration of Fe-binding ligands in Southern Ocean deep waters (e.g., ~0 .6 -1 .8 n M , Croot et al., 2004; Boye et al., 2010; Ibisamni et al., 2011; Thuroczy et al., 2011) , although there are very few ligand data below 1000 m. From within ter values (0.51 ± 0.24 nM, « = 230) and thus a much flatter profile. The variability in surface values might reflect differ ences in the degree of productivity, Fe inputs, inter-annual variability or how much of the seasonal cycle has been mea sured (see Sect. 3.2), whereas deep water values may reflect regional variability in deep water ligand concentrations or different deep water Fe sources (e.g., hydrothermal vents: Tagliabue et al., 2010) . It is noteworthy that at intermedi ate depths (for both the 500-1000 and 1000-2000 m depth ranges: Fig. 2a , Table 1 ) there is no noticeable difference in the mean dFe concentrations for the Antarctic and Subantarc tic regions. The dFe measurements show a great deal of intra-and inter-basin variability at all depths across our 6 Southern Ocean basins ( Fig. 2b , Table 2 ). Surface concentrations in the PAC-Antarctic and PAC-Subantarctic are the lowest we found and very similar for these two regions (0.15 ± 0.08 nM, n = 141 and 0.14 ± 0.10 nM, n = 45, respectively). Outside of the Pacific, the regional variability noted in Fig. 2a is retained. Both ATT-Subantarctic and IND-Subantarctic are lower than ATT-Antarctic and IND-Antarctic regions, but within each region, the ATT basin is consistently higher than the IND at surface (0.30 ± 0.55 nM, n = 58 and 0.47 ± 0.69 nM, n = 226 for ATT-Subantarctic and Antarctic, respectively: 0.23 ±0.20, « = 323 and 0.43 + 0.51, « = 206 for IND-Subantarctic and Antarctic, respectively: Fig. 2b , Table 2 ). Again, this could reflect differences in biological activity, surface Fe inputs, or the degree to which the sea sonal cycle has been captured in the observations. Con versely, at the deeper depths, the IND basin is always greater than the ATT basin for both Antarctic and Subantarctic re gions ( Fig. 2b , Table 2 ). ATT basin intermediate water (500-2000 m) has greatly elevated dFe concentrations (~0 .4 -0.5 nM) for both Antarctic and Subantarctic regions, relative to IND and PAC basins. Overall, this leads to much steeper dFe profiles in the IND basin because of both lower surface concentrations and higher deep concentrations (relative to the corresponding region of the ATL basin). In the PAC basin, dFe concentrations increase almost linearly up to a value of 0.48 ± 0 .1 2 n M (n = 2) for Subantarctic and 0.36 ± 0.05 nM (n = 3) for Antarctic in the 1000-2000 m depth bin (unfor tunately there are no PAC data deeper than 2000 m ). At in termediate depth (500-2000 m), the PAC basin shows sim i lar dFe concentrations to those measured in the IND basin for both the Antarctic and Subantarctic regions. There is a surface enrichment in IND-Antarctic that is robust in the 0 -100 and 100-500 m depth ( Fig. 2b ) that may be related to the influence of the Antarctic continental shelf sources on dFe at stations with bottom depths >2000 m (e.g., Sedwick et al., 2008) . It is also noteworthy that, despite a large num ber of samples, the ATL-Antarctic shows a vety flat profile with little difference in dFe from surface (0.47 ± 0.69 nM, n = 226, 0-100 m depth) to deep (0.49 ± 0.21 nM, n = 111,
2000-6000m depth).
Since we are not considering replicates of identical sam ples, the standard deviation of the mean dFe calculated for a particular region or basin is actually better viewed as a metric of the degree of variability in measured dFe therein. M ore over, as the 95 % confidence limits lie at twice the standard deviation reported here, there is a great deal of variability in our collated dFe measurements. For the different ocean regions (Fig. 2c ), the standard deviation typically decreases with depth and is greatest in shelf surface waters (> lnM ). This suggests a greater degree of variability in surface dFe, probably driven by seasonal and interannual trends, and more stable dFe concentrations in deeper waters. Between the Sub antarctic and Antarctic regions, the differences in standard deviation mirror those seen for the dFe concentration (com pare Fig. 2c with 2a ). Examining the ocean basins, there is more variability at the surface, relative to intermediate w a ters, but variability increases again between 2000-6000 m ( Fig. 2d ). Within this pattern, the IND-Subantarctic shows a consistently lower standard deviation than the ATL basin, and the IND-Antarctic and both regions of the PAC basin (which had the lowest dFe concentrations) have very low standard deviations. A high standard deviation (seen as the degree of variability) in a particular region/basin or depth range could result from seasonal or inter-annual variability in dFe or incomplete data coverage where "extreme" observa tions (e.g., those close to hydrothermal Fe sources, Klunder et al., 2011 ) have a disproportionate weight. Figure 3a and 3b present a synthesis of the statistical vari ability in dFe for the different ocean basins and regions and as such combine the information present in the differ ent panels of Fig. 2 . They highlight regions where dFe is high, but also highly variable (e.g., the shelf between 0 -100 m, Fig. 3a ). On the other hand, the basin by basin break down shows basins where dFe is low, but varies little (such as the PAC-Subantarctic, 0-100 m) or those where dFe can be high, but with large variability (e.g., IND-Subantarctic, 2000-6000 m).
Frequency o f sampling for dFe
Number o f observations
Tables 1 and 2 summarise the sampling of dFe and present the number of unique months and number of dFe observa tions with respect to depth for the 4 regions and 6 ocean basins, respectively. Throughout, all parameters (number of months and observations) decrease with increasing depth re gardless of the particular region or basin considered.
In more detail, the shelf region has the lowest number of observations (Table 1) , with a maximum of 382 in the upper 100 m. That said, this is still a substantial number of measure ments given the relatively small size of this region and results from a long history of repeated field campaigns in particular shelf regions such as the Ross Sea and the Kerguelen Plateau. Considering the off-shelf waters, there are up to ~1000 ob servations at the surface, and, in general, there are more ob servations in the Antarctic region with 573, relative to the Subantarctic region with 426 (apart from the 1000-2000 m depth interval). In the deep ocean (2000-6000m), there are around 300 measurements in total for off-shelf region, but almost all are concentrated in the Antarctic region (230).
Unsurprisingly, the different ocean basins also display a decreasing number of observations with respect to depth within a specific sector ( Table 2) . As seen previously, the Antarctic region of a particular basin is generally more sam pled than the corresponding Subantarctic region. An excep tion to this is the IND basin, where its Subantarctic region is better sampled than its Antarctic counterpart. Within the Sub antarctic region upper waters (0-500 m), the PAC basin has less observations (85) than the ATL basin (116), which has less observations than the IND basin (603). For the Antarc tic upper waters (0-500 m), the PAC basin is still the low est (225, but a factor ~3 greater than the PAC-Subantarctic), but now the ATL basin has more observations (492, a factor > 4 greater than the ATL-Subantarctic) than the IND basin (353, which is a factor ~2 less than the IND-Subantarctic). At depths greater than 500 m, the relatively high degree of sampling in the IND-Subantarctic decreases and the ATL-Antarctic becomes the most sampled basin (Table 2) . Unfor tunately, there are no dFe observations deeper than 2000 m in the both the Antarctic and Subantarctic regions of the PAC basin.
Seasonal measurements
In terms of the seasonal coverage, dFe observations are gen erally concentrated in the period October to April at best (the austral spring/summer), although there is one set of win tertime observations in July (Tables 1 and 2) . On the shelf, observations are available between October to April with The SR3 region is defined as that south o f 45° S and encompassing 135° E to 155° E, and the Ross Sea region is between 155° W to 180°. The Subantarctic and Antarctic zones are separated using the mean position o f the nPF as illustrated in Fig. 1 . The size o f the box represents the 1st to 3rd quartiles, with the vertical bar corresponding to the median and the whiskers representing 1.5 times the inter quartile range.
coverage in the ATL-Antarctic, with 6 months sampled in the upper 500 m (December is missing from the October-April period), and below 500m only February, March and April have been sampled. Despite the lowest number of total obser vations (45), the PAC-Subantarctic data still manage to cover 5 months between October-April at the surface (October and February are missing), although the number of months sam pled decreases dramatically with depth (in parallel to the de creasing total number of observations). A similar pattern is found in the PAC-Antarctic, with also 5 months sampled at the surface (February and March are missing on this occa sion) and a sharp decrease in the number of months sampled in subsurface waters. Overall, despite the great effort made over past decades, knowledge of the dFe distribution (even in surface waters) is completely lacking for the months of May, June, August and September (i.e., the autumn-winter and w inter-spring transitions), which may be crucial in un derstanding the seasonal replenishment and depletion of this important limiting nutrient.
Case studies
Some relatively constrained areas of the Southern Ocean have seen extended efforts of sampling over many years. The two best examples are the SR3 transect south of Tasmania (between 1994-2008) and the southwestern Ross Sea (be tween 1990-2006) on the Antarctic continental shelf. For surface waters (0 -1 0 0 m), there are a total of 294 and 240 observations in our defined "SR3" and " Ross Sea" sectors, respectively (see Fig. 4 legend) . Because of the differences between the Antarctic and Subantarctic regions, we further split the "SR3" sector using the mean position of the PF there (see Fig. 1 ), as well as using a more regionally correct defini tion of the STF at 45° S for this analysis. Overall, this leaves 164 and 105 total observations for the Subantarctic-SR3 and Antarctic-SR3, respectively (or a net total of 269). The sea sonal cycle of surface waters dFe (on a monthly basis) from these three regions (SR3-Subant, SR3-Ant and Ross Sea) was then extracted and is presented in Fig. 4 . We note that the dFe data from Lai et al. (2008) had to be excluded from the SR3 analysis (but retained for our larger-scale synthe sis), since their dataset was strongly significantly different from other observations from January, February and March (Wilcoxon test, p <0.0001) and thus biased the monthly dFe during the austral summer to too high a value.
SR3
Climatological satellite derived weekly chlorophylla (Chla) for the identical locations in the SR3-Subantarctic and
Antarctic sectors for which we have dFe measurements ( Fig. 5a and b) shows that Chia increases gradually in the SR3-Subantarctic from a (non-zero) winter minimum to maximum values between January and March with a high degree of variability (both spatial and interannual; Fig. 5a ), while SR3-Antarctic Chia concentrations are lower but with a slightly larger amplitude from winter values and reach a seasonal maximum by late November (Fig. 5b) . Superfi cially, one might expect high Chia values to correspond to lower dFe values (due to biological uptake), but for the SR3-Subantarctic, the Chia maximum in Januaty-February is ac tually associated with the highest dFe levels ( Fig. 4a and 5a) , although the Chia decline that follows is mirrored in the dFe concentrations. Higher dFe associated with high Chia could be reconciled by assuming high rates of Fe recycling associated with greater biomass levels, which then declines as biomass decays into April. It is plausible that the vari ability in dFe for January-M arch period (Fig. 4a) is driven by similar inter-annual variability in Chia over this period (Fig. 5a ) by its influence on dFe consumption/recycling; al ternatively, both dFe and Chi-a might be connected to vari ability in dFe inputs. For the SR3-Antarctic, the November maximum in Chia corresponds to a minimum in dFe of ~0.1 4 n M ( Figs. 4b and 5b , Sedwick et al., 2008) , but dFe then increases through the December-February period be fore declining again by April (Fig. 4b) , while Chia levels fall over the same period (Fig. 5b) . Despite the mean seasonal trend, Chia values are highly variable across the November-April period (Fig. 5b) and this could preclude the presence of a distinct seasonal trend in dFe. Nevertheless, the general positive covariation of Chi-a values and dFe concentration (the putative limiting nutrient) over the growing season (pre sented in Figs. 4a-b and 5a-b) is somewhat surprising and might indicate that the dominant driver of dFe variability is not phytoplankton consumption as alluded to by Chl-a, but rather dFe recycling, exogenous inputs and/or mixed layer depth dynamics (see Sect. 4.4 ).
An important aspect of the seasonal cycle from the SR3 Subantarctic sector is the presence of the only Southern Ocean measurements of dFe in the austral winter of ~0 .1 nM in the upper 100 m (Ellwood et al., 2008) , although slightly to the east of the "classic" SR3 line. Within the paradigm of a winter "reset" of dFe levels by vertical mixing, these val ues are initially surprisingly low. July concentrations are only slightly higher than values of ~0.05 nM in April (Bowie et al., unpublished data) , similar to the SR3-Antarctic in April, and November concentrations are only ~0 .1 4 n M (Sedwick et al., 2008) . Thus, there is a gradual trend of only a slight increase in dFe from 0.05 nM in April, to 0.1 nM in July and 0.14 nM in November that is followed by much higher values in January and February (to ~0.35 nM, Fig. 4a ) that tracks the Chl-fl trend (Fig. 5a ). Taken at face value, this suggests that the "reset" of dFe concentrations in the Subantarctic re gion of the SR3 sector might actually be a springtime phe nomenon (i.e., occurring after November), possibly driven by atmospheric Fe deposition, vertical supply or advection of subtropical waters (via the east Australian Current exten sion, which is particularly important for samples in the north ern part of our SR3 Subantarctic sector) into the Subantarc tic region (Boyd et al., 2004; Ellwood et al., 2008; Sedwick et al., 2008; . Biological activity in Jan uary and February then depletes these values to ~0.23 nM in March (Sedwick et al., 2008) and then to their April mini mum levels. However, it is important to note that there are no measurements between July and November, a period over which Chl-fl levels show an increasing trend (Fig. 5a ), which suggests some dFe re-supply is not altogether unlikely. In deed, seasonal mixed layer depth climatologies suggest that the deepest mixed layers in this region are actually in the August-September period (de Boyer-Montegut et al., 2004), although rarely deeper than 300 m. Thus, it appears plausible that there is some increase in dFe between July and Novem ber due to vertical mixing that is then further augmented by other dFe sources (either dust, subtropical water, recycling or further vertical mixing) in January and February. For exam ple, Sedwick et al. (2008) have noted the influence of con tinental air masses deep into the SR3-Subantarctic sector in January, while samples in the northern part of this sector will have dFe inputs from subtropical water ). Regardless of its timing, any vertical mixing over winter would have to mix sufficiently deeply to reach the deep ferriclines typical of this region (~500m , Sedwick et al., 2008; ) in order to act as a significant mechanism of seasonal dFe resupply. The absence of winter observations from the SR3-Antarctic sector means that it is not possible to assess whether (or not) the winter dFe value is higher than that measured in the SR3-Subantarctic in July or how, when and if surface water dFe stocks are replenished in order to fuel biological production in the subsequent growing season. Only new dFe observations from the autum n-winter-spring transition period can help resolve these questions. Using the vertical profiles from Fig. 2b , our synthesis would suggest that the maximum possible "winter reset" to dFe concentra tions in this region would only be around 0.3 nM at most (i.e., the maximum values in the 100-500 and 500-1000 m depth bins; Fig. 2b , Table 2 ).
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The Ross Sea
The high degree of variability in the magnitude and timing of the seasonal cycle of phytoplankton biomass in the Ross Sea is mirrored by a large degree of variability in dFe, where numerous observations (over the period 1990-2006) have been made. Median dFe concentrations are low (<0.25 nM) throughout the November to January period, but are asso ciated with high variability for, in particular, the months of November and December (Fig. 4c) . The central Ross Sea polynya is normally associated with a bloom of Phaeocys tis antarctica that displays a peak in December, but shows variability associated with the timing and extent of open w a ter over the period (Arrigo and Van Dijken, 2004) . The dFe observations span the period 1990-2008 and thus encompass years typified by large anomalies in the timing and magni tude of the phytoplankton bloom that are primarily driven by variable sea-ice dynamics due to El Niño /1998 , Arrigo and Van Dijken, 2004 and the discharge of large icebergs , Arrigo et al., 2002 , Arrigo and Van Dijken, 2003 , as well as the location of sampling (e.g., bot tom depth, vicinity to melting sea ice; Sedwick et al., 2011) . Thus, the variability in measurements of dFe in November and December (which both contain observations spanning [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] includes years of early and intense blooms, as well as years with delayed and low biomass blooms, thus driving a high degree of variability in dFe (Fig. 4c ). M ore over, studies that sampled near known Fe sources (sea ice, shallow bathymetry), as compared to those undertaken in open, probably Fe depleted (Sedwick et al., 2011) , polynya waters also contributes to dFe variability. Accordingly, the high dFe values for February (Grotti et al., 2001) are prob ably more indicative of sampling close to fast ice rich in continental Fe, rather than a seasonal trend. Nevertheless, dFe values can remain low throughout the period October-January (Fig. 4c) , which is indicative of a rapid utilisation of the winter reservoir (Sedwick et al., 2011) . Reconciling low dFe values in November, with a biomass peak around December, led Sedwick et al. (2011) to speculate about ad ditional Fe sources during this period. Nevertheless, a con straint on the seasonal maxima in dFe, which is critical in calculating seasonal depletion, remains lacking at both the start and end of the growing season. Regional model results suggest that convective overturn in winter wifi cause a win ter maximum in dFe (Tagliabue and Arrigo, 2006 , unlike the SR3-Subantarctic, Sect. 3.3.1), but there are no observations later than February (i.e., after the major peak in productivity). Given the large body of dFe observations already collected in the Ross Sea (already 240 between 0-100 m) and the infor mation gained regarding the importance of a variety of pro cesses in connecting dFe cycling to phytoplankton productiv ity, we would hope that future studies (especially those aimed at constraining the seasonal maxima in dFe) wifi continue in order to better understand the seasonal cycle of dFe in this important natural laboratory for Southern Ocean systems.
Discussion
dFe distribution and processes
Overall, surface dFe is higher in the Antarctic region than the Subantarctic region, while within each of these regions the ATL basin is characterised by higher dFe than the IND basin. We speculate that these differences relate to differing levels of biological activity and the degree of Fe inputs. The Southern Ocean primary productivity (PP) estimates of Ar rigo et al. (2008) show greater rates of PP in the Subantarc tic region (>100 gC m-2 a-1 ), relative to the Antarctic re gion (<100 gC m -2 a-1 ), suggesting that higher surface dFe in the Antarctic region (Fig. la, Table 1 ) might result from lower rates of biological activity (most likely due to sea ice cover/reduced open water duration and low light levels for half of the year), with the opposite true for the Subantarctic. It is also plausible that the upwelling of upper circumpolar deep water (UCDW) that is enriched with deep-water dFe in the Antarctic region is depleted during its Ekman trans port northwards to the Subantarctic region (Hoppema et al., 2003) , thus also contributing to the inter-region surface dFe differences and lowering the Antarctic region's PP. Turning to geographic regions, Arrigo et al. (2008) report mean an nual PP of 70.2 gC m-2 a-1 for their Weddell Sea geographic sector (which closely corresponds to the area of our ATL basin), while the combined mean PP of the South Indian Ocean and Southwest Pacific Ocean sectors (which encom pass most of our IND basin) was ~46gCm-2a-1 (Arrigo et al., 2008) . Thus, it appears that PP is most likely higher in the ATL, relative to the IND basin, and high ATL basin PP is associated with higher dFe concentrations in surface waters (Fig. 2b, Table 2 ). So while the low dFe of the Sub antarctic region is associated with high PP, the opposite is true when inter-basin trends are compared (low dFe in the IND basin corresponds to lower PP), which suggests that PP rates alone cannot explain inter-basin differences in dFe. Thus, when combined with our evidence from the SR3 region (Sect. 3.3.1), it appears that biological consumption is not able to explain the seasonal or inter-basin dFe trends since either PP or Chl-a covary positively with dFe.
Inter-basin trends in surface dFe from our synthesis might better reflect differences in the degree of Fe inputs. Since PP differences between the ATL and IND basins are oppo site to what one might anticipate explaining the dFe trends, we must examine whether other processes might be at work. The obvious remaining candidate is that the ATL basin re ceives higher rates of Fe input than the IND basin, so that despite higher rates of PP, the ATL basin is still typified by higher surface dFe concentrations. The major sources of Fe to Southern Ocean surface waters are dust deposition and supply from shallow continental margins, as well as seasonal melting of sea-ice (e.g, Lannuzel et al., 2008; Tagliabue et al., 2009; Van der Merwe et al., 2011) . For example, the ATL basin is close to Patagonian dust sources of Fe (e.g., Gaiero et al., 2003) , as well as the large Patagonian plateau and as sociated rivers and glaciers, the continental margins of the numerous islands present in the ATL basin, and the Antarc tic Peninsula (e.g., Boyd and Ellwood, 2010; Klunder et al., 2012) . Additionally, higher rates of upper ocean eddy kinetic energy (eddy genesis and meandering, EKE) in the South Atlantic are caused by current convergence/divergence pre dominantly at the Brazil-Malvinas Confluence (Maamaatuaiahutapu et al., 1998; Peterson and Stramma, 1990) , the Ag ulhas Current retroflection and over the Atlantic mid-ocean ridge (Swart and Speich, 2010) . Higher EKE provides a plau sible mechanism whereby deeper waters with higher Fe con centrations can be supplied to the euphotic zone through upwelling processes (Archer and Johnson, 2000; Lévy et al., 2001; Klein and Lapeyre, 2009 ). On the other hand, the INDbasin's dust sources are at more northerly latitudes and only the Kerguelen Plateau and the Tasmanian shelf are potential margin sources (e.g., Boyd and Ellwood, 2010) , which may mean that this basin receives less exoge nous input of dFe. Therefore, we speculate that while the inter-region differences in dFe can be explained by higher PP rates in the Subantarctic region, the inter-basin differences are due to the greater Fe inputs, both exogenous and vertical, experienced in the ATL basin.
Opposite to the surface trends, the deep Subantarctic re gion has higher dFe than the Antarctic region, and within each region, the IND basin is now greater than the ATL. These differences could result from variability in the con centrations of Fe-binding ligands in the deep ocean, or dif fering degrees of Fe inputs from deep sources such as hy drothermal vents. There are of course not as many measure ments of Fe ligands as for dFe, and subtle methodological is sues (e.g., different detection windows) can complicate inter method comparisons (e.g., Hudson et al., 2003) . Thuroczy et al. (2011) report measurements from both the Subantarc tic and Antarctic regions of the ATL basin. At depths of ~4 km, ligand concentrations were ~1 nM in the Subantarc tic ATL, while the Antarctic ATL concentrations were only ~0 .7 nM (Thuroczy et al., 2011) , which matches well with our higher deep dFe in the ATL-Subantarctic as compared to the ATL-Antarctic (Fig. 2b, Table 2 ). Interestingly, Thuroczy et al. (2011) found ligand concentrations >lnM in the in termediate waters of their ATL Subantarctic stations, which corresponds well with the increased intermediate depth dFe (Fig. 2b, Table 2 ). If these inter-region differences in ligand concentrations were consistent across the Southern Ocean, then it appears that variability in ligands might dictate deep dFe trends between the Subantarctic and Antarctic regions (Fig. la, Table 1 ). In the Subantarctic region, the higher deep water values of Thuroczy et al. (2011) from the ATL (~1 nM) and the deepest samples at 1000 m by Ibisanmi et al. (2011) in the IND basin (0.58-0.83 nM) suggest that the increasing dFe (>2000 m depth) trend between the ATL-Subantarctic and the IND-Subantarctic is not reflected by a similar in creasing trend in ligand concentrations (although we draw attention to the different detection windows used in each study). This may mean that inter-basin differences between the ATL and IND reflect different Fe inputs. The only plau sible inputs at these depths are associated with hydrothermal activity, and indeed the hydrothermal Fe fluxes proposed by Tagliabue et al. (2010) do show greater inputs in the IND basin, relative to the ATL basin, due to the faster spread ing rates of hydrothermal systems in the IND basin, which results in greater dFe input. Nevertheless, this is a specu lation based on the assumption that hydrothermal dFe in puts reflect the rate of ridge spreading that necessitates lo cal dFe observations. Overall, this suggests that the greater deep dFe in the Subantarctic region is related to greater con centrations of Fe-binding ligands, while dFe concentrations are increased in the deep IND basin due to more hydrother mal activity. If remineralisation of organic matter is a ligand source (Ibisanmi et al., 2011) , then greater ligand concentra tions in the Subantarctic region are consistent with the re gion's higher PP. In the PAC basin, where hydrothermal in puts are proposed to be greatest, we lack the deep dFe data to investigate the potential importance of this Fe source. A plau sible additional explanation for the different vertical profiles is that the upwelling of Fe-enriched UCDW (Hoppema et al., 2003) in the ATL basin causes a flatter profile than the IND.
Sampling frequency and seasonality
In the past decades, a large number of dFe measurements have been collected that provide seasonal variability data in the Southern Ocean (e.g., Martin et al., 1990; de Baar et al., 1995 de Baar et al., , 1999 Löscher et al., 1997; Lannuzel et al., 2011; Fitzwater et al., 2000; Sedwick et al., 1997 Sedwick et al., , 1999 Sedwick et al., , 2000 Sedwick et al., , 2008 Sedwick et al., , 2011 Sohrin et al., 2000; Measures and Vink, 2001; Bowie et al., 2004 Coale et al., 2005; Chever et al., 2010 . However, despite these efforts, there are some months in different ocean regions and basins in which no dFe measurements have yet been made. Our syn thesis (Tables 1 and 2) shows that there is general coverage from October to April, but, apart from one set of observa tions in the IND-Subantarctic from July, no measurements outside of this period. By basin, the PAC stands out as hav ing the lowest number of observations in total and no mea surements whatsoever below 2000 m. That said, it has similar seasonal coverage to the ATL basin in the upper water col umn (0-1000 m). It is also notable that the ATL basin has no measurements in November and January (for the Subantarc tic) or December (for the Antarctic), despite this being in the austral summer period.
While acknowledging the difficulty of sampling for Fe outside of the austral spring-sum m er-autum n period, the lack of observations from the w inter-spring and autumnwinter "transition" periods, as well as the winter in gen eral, can hinder attempts to understand the Southern Ocean Fe cycle. For example, given the seasonal cycle in dFe, missing months can bias the mean dFe we calculate by basin and region, which may have implications for the pro cesses thought to be governing dFe distributions. In addition, dFe measurements are now being used to evaluate the per formance of complex ocean biogeochemical models (e.g., Moore and Braucher, 2008; Tagliabue et al., 2010) , but if no observations are available outside of the October-April pe riod, then the model is not assessed at these times. In practise, this means that the models are only compared when dFe lev els are relatively low in the growing season and the maximum dFe concentrations (which likely occur outside of this period) cannot be constrained. This is important, because it means that the "winter stock" of dFe in a given model, which more or less dictates the total net primary productivity achievable, cannot be compared to observations. Finally, our case stud ies from the SR3 and Ross Sea sectors of the Southern Ocean show that the lack of measurements from the winter-spring and autum n-winter "transition" periods results in a poorly constrained seasonal cycle. Most importantly, the only win ter measurements from the Southern Ocean appear to contra dict the paradigm of a winter reset in dFe concentrations (at least for the IND-Subantarctic) and highlight the need of ob taining dFe measurements in this difficult period of the year for sampling.
As months of the year (or specific basins) without dFe observations leave us with difficulties in understanding the seasonality of dFe in the Southern Ocean, we propose that our synthesis can help target future dFe observations. We would argue that a major priority, regardless of location, should be to obtain any measurements outside of the wellsampled October-April period. Targeting the seasonal tran sitions, when the system is in "flux", appears to be important in understanding how stocks of dFe are replenished for sub sequent growing seasons. This may be best achieved through mooring programs such as the Southern Ocean Time Se ries (SOTS), if such mission can return clean samples col lected on a weekly-to-biweekly basis to shore-based labo ratories for analysis (Trull et al., 2010) . Poorly sampled re gions, such as the PAC basin in general and the ATL for some months, would also be important to better characterise inter basin variability in the sources and cycling of dFe. For exam ple, if hydrothermal sources are indeed important, then the largest signal of this should be in the deep PAC basin (Tagli abue et al., 2010) , where observations are, up to now, ab sent. Nevertheless, significant dFe enrichment was observed in Southeast Pacific deep slope water masses near Drake Pas sage that have transited from the east Pacific rise, which would be supportive of high rates of hydrothermal dFe in put in the deep PAC basin (Klunder et al., 2012) .
Comparing recent dFe measurements with early determinations
Over the 1989-2008 period, for which we have synthesised Southern Ocean dFe measurements, there has been a steady convergence of techniques and ever improving precision. For example, limits of detection of early Fe techniques were of the order of 0.1 nM (e.g., Achterberg et al., 2001; Bruland and Rue, 2001) , whereas more recently methodologies per mit dFe concentrations <0.05 nM to be precisely determined (Bowie et al., 2006; Klunder et al., 2011) . In addition, inter calibration projects such as IRONAGES (Bowie et al., 2006) , and SAFE (Johnson et al., 2007) resulted in a number of im provements in protocols and SAFE, in particular, produced a surface and deep water "reference" sample for which the con centrations had been precisely determined, which has proved invaluable for scientists to "validate" new methods. Finally, the advent of clean sampling rosettes (e.g., Measures et al., 2008) for trace metals that are capable of deep-water deploy ments has also played an important role in the collection of contamination-free samples. New intercalibration efforts un der the GEOTRACES program are continuing to improve our ability to produce high quality dFe data in the open-ocean. Because of these issues, we were interested in examining whether there has been a statistical difference in the prop erties of the dFe measurements between earlier observations that had higher detection limits and no reference samples, against more recently collected dFe data. To that end, we split our Southern Ocean dFe dataset into two subsets: one containing measurements from 1989-2002 (a total of 1458 observations) and the other from 2003-2008 (a total of 1874 observations), which were then subdivided into the shelf, offshelf, Antarctic and Subantarctic regions, as well as across the 5 depth ranges as previously described (see Fig. 1 ; fur ther subdivision by basin would have risked having too few data for each time frame). Table 3 presents the results of a Wilcoxon/Mann W hit ney test between the 1989-2002 and the 2003-2008 dFe data by region and depth range. In the upper 500 m, 1989-2002 dFe data were significantly lower than data measured be tween 2003-2008 for all regions except the Subantarctic. In the shelf region, 1989-2002 dFe was much higher between 0-100 m than that derived from 2003-2008 data (means of 0.898 and 0.292 nM, respectively, Table 3 ). For off-shelf w a ters and the Antarctic region, 0-100 m dFe concentrations were on the order of 0.1 nM lower in 2003-2008 observa tions, relative to 1989-2002, with similar offsets in the 100-500 m depth interval (Table 3) . On the other hand, the deepest samples (depths > 1000 m) showed no significant differences between 1989-2002 and 2003-2008 , while the off-shelf and Subantarctic regions showed significantly higher dFe from 2003-2008, relative to 1989-2002, in Table 3 ). In surface waters the degree of difference is at some degree due to the "process"-based nature of earlier cruises as com pared to the more recent "section"-based cruises of the GEO TRACES era. Comparing old and new data in any greater detail is problematic due to complex methodological factors (for example, differences in the degree and length of acid ification). Finally, it is also worth drawing attention to the fact that the 2003-2008 dataset (especially in the deep ocean) 1989-2002 and 2003-2008 are tested using the W ilcoxon/M ann -Whitney test for non-parametric data by region and depth. The statistical significance or p -v alue associated with the difference in location parameters (where a positive value indicates greater dFe in the 1989-2002 date o f collection subset) is as follows: ^ = p >0.1 (or deemed "not significant"), * = 0.1 > p >0.05, ** = 0.05 > p >0.01, *** = 0.01 > p <0.001, **** = p <0.001. To aid clarity, negative differences in the location parameter are in italics, and p values < 0.01 (i.e., highly significant) are in bold. "N D " indicates where there were not enough data to perform the statistical test. Also reported is the mean dFe concentration (with the number o f observations in parentheses) for each region/depth.
Region
Depth range (m) Depth range
Difference in location (nM)
Mean dFe (nM, 1989-2002, n) M ean dFe (nM, 2003-2008, n (189) always has many more dFe observations than the 1989-2002 dataset, despite covering a much smaller time period. This is striking evidence of the progress being made in collecting dFe samples from the Southern Ocean as part of the Interna tional Polar Year and ongoing GEOTRACES efforts.
Future challenges
In the future our dFe dataset should be augmented by appro priate metadata such as temperature, salinity and macronu trient information. Unfortunately, this was not possible for the entire dFe historical dataset at this stage. If such associ ated information were available, the unprecedented dFe data coverage we compile here could be used alongside metadata to understand the possible role for a number of different Fe cycle processes in governing the Southern Ocean dFe cycle. For example, interesting avenues (Croot, 2012 ) could be to aggregate dFe measurements according to water masses to better understand the role of physical transport, to assess the covariance (if any) between dFe and salinity anomalies that might reflect sea ice processes, explore the relation between Fe solubility (Liu and Millero, 2002) in such cold waters and measured dFe or to use macronutrient data to calculate draw down ratios. In the near future the 'intermediate data prod uct' of the GEOTRACES programme should provide the per fect vehicle to undertake this analysis with a compendium of GEOTRACES era dFe data alongside appropriate meta data. Nevertheless, we do highlight the importance of ad equate seasonal coverage when conducting such an analy sis, since, for example, the lack of data at the seasonal dFe maxima or during ice melt/formation period can hinder the quantification of seasonal drawdown calculations or apprais ing the role of sea ice as a dFe source/sink, respectively. Our understanding of the interactions between dFe and bi ological activity hinged on the a priori assumption that bi ological consumption was the primary means by which dFe was impacted. One would then imagine an inverse relation ship between dFe concentrations and indices of biological production (usually from satellite data). While the differ ences in dFe between the Subantarctic and Antarctic regions do reflect the inter-region trends in productivity when the dy namics between dFe and biology are examined in more detail on seasonal timescales, a more complicated pattern emerges. Despite the seasonal dFe minima being associated with the end of the growing season at SR3, dFe was found to in crease in phase with Chl-a during the early season ( Fig. 4a  and b ). This implies either that seasonal dFe patterns in spring-sum m er are dominated by external inputs (mediated by physical mixing) or that the signal of biology is domi nated by recycling terms. For example, a number of attempts to construct dFe budgets have highlighted the so-called "fer rous w heel" as the dominant Fe flux term (e.g., Strzepek et al., 2005; Frew et al., 2006; Boyd and Ellwood, 2010) . The "ferrous w heel" encompasses Fe recy cling processes associated with Zooplankton grazing, higher trophic levels, bacterial turnover, as well as dissolution of particle Fe (e.g., Strzepek et al., 2005; Frew et al., 2006; Tovar-Sanchez et al., 2007; Nicol et al., 2010) . W hile we might imagine greater herbivoiy and associated Fe recycling to be associated with higher Chl-a levels, which would then be in accord with the associated high values of dFe, we lack quantitative data. More field measurements of the fer rous wheel terms (e.g., Zooplankton and bacterial production rates) associated with dFe observations (perhaps part of bio-GEOTRACES efforts) are therefore necessary to better un derstand their potentially significant impact on seasonal iron cycle dynamics across the wider Southern Ocean and to per mit a robust interpretation of the measured dFe trends.
Conclusions
We have compiled 13 125 dFe observations covering the global ocean and encompassing the period 1978-2008 and make this available to the community for future studies (please contact one of the corresponding authors). Moreover, we have conducted a more detailed synthesis and analysis of the 3332 observations taken in the Southern Ocean, where Fe plays a fundamental role in regulating primary productivity and the carbon cycle. This analysis was performed within 4 different ocean regions and 6 different ocean basins across 5 depth intervals and highlights inter-basin and inter-region variability in the profiles of dFe and their variability. At the surface, differences in Fe inputs (both exogenous and ver tical) or biological activity might explain the variability we find between the Subantarctic and Antarctic regions or the ATL and IND sector, while at depth we suggest a role for het erogeneity in Fe-binding ligands and deep Fe sources such as hydrothermal vents. The profile of dFe might be linked to upwelling of LJCDW south of the polar front. In surface waters, dFe data collected in recent years (2003) (2004) (2005) (2006) (2007) (2008) are significantly different from data collected previously, while deeper values show little statistical differences. We also note the substantial progress made in Southern Ocean dFe sam pling in recent years (more than half of all Southern Ocean observations are from the past 5yr) as part of the GEO TRACES programme. However, despite these efforts the sea sonal cycle of dFe and its relationship to biological produc tivity/cycling remains enigmatic, even in some of the most well-sampled regions of the Southern Ocean. In fact, we find that neither the SR3 seasonal nor inter-basin trends (between the ATL, IND and PAC) in dFe are driven by biological con sumption, which suggests that, apart from broad Antarctic -Subantarctic trends, other processes might be the dominant driver of dFe variability (e.g., dFe recycling exogenous in puts, or mixed layer dynamics). However, there are no dFe measurements available for the Southern Ocean from May, June, August and September, and we highlight in particular the nature of the autum n-w inter-spring transition in dFe as a key gap in our knowledge. We hope that identifying these is sues can help in the planning of future voyages to the region.
